Abstract Acute lymphoblastic leukemia (ALL) is the most common form of cancer in children. Recent advances in treatment have led to dramatically improved survival rates. Standard ALL treatment includes multiple administrations of the chemotherapeutic drug vincristine, which is a known neurotoxic agent. Although peripheral neuropathy is a wellknown toxicity among children receiving vincristine acutely, the long-term effects on the peripheral nervous system in these children are not clear. The objective of this study was to determine the prevalence of neuropathy and its impact on motor function and quality of life (QOL) among children who survived ALL. Thirty-seven survivors of childhood ALL aged 8-18 underwent evaluation for neuropathy through self-reported symptoms, standardized examinations, and nerve conduction studies (NCS). Functional impact of neuropathy was assessed using the Bruininks-Oseretsky test of Motor Proficiency (BOT-2). QOL was assessed using the PedsQL. Nerve conduction study abnormalities were seen in 29.7% of children who were longer than 2 years off therapy for ALL. Most children with an abnormal examination or NCS did not have subjective symptoms. Although overall motor function was below population norms on the BOT-2, presence of neuropathy did not significantly correlate with motor functional status or QOL.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common type of cancer in children (Gurney et al., 1995) . Modern risk-based therapy for ALL has resulted in dramatically improved survival over the past 30 years (Pui and Evans, 2006) , with 5-year survival rates now approaching 85% for children aged 14 years or younger at diagnosis . Treatment of childhood ALL involves an average of 2-3 years of chemotherapy (Margolin et al., 2006) , with multiple administrations of the neurotoxic drug vincristine. Chemotherapy-induced peripheral neuropathy (CIPN) is one of the most important dose-limiting toxicities from exposure to vincristine (Ocean and Vhadat, 2004) . CIPN manifests as painful dysesthesias, length-dependent sensory loss to pain, temperature and proprioception (legs worse than arms), suppression of deep tendon reflexes in proportion to sensory loss, difficulty with balance and coordination, and distal muscle weakness, consistent with nerve pathology (Windebank and Grisold, 2008) . Patients with pre-existing neuropathies can develop life-threatening paralysis, even with low doses of vincristine (Hildebrandt et al., 2000) . Electrophysiological studies show a distal axonal sensory-motor neuropathy (Sandler et al., 1969; Casey et al., 1973) , but demyelination has also been seen (Hiser et al., 2008) . Although the short-term development of signs and symptoms of CIPN is wellknown among adults and children receiving vincristine (Holland et al., 1973; Vainionpää, 1993; Vainionpää et al., 1995) , there is a paucity of data on the longterm consequences of vincristine exposure on the peripheral nervous system. The purpose of the present study was to determine the prevalence of neuropathy and its impact on motor function and quality of life (QOL) among a series of children who were at least 2 years off ALL therapy.
Materials and Methods
We identified 66 potential subjects aged 8 through 18 from the patient database of the Long-Term Followup Clinic in the Division of Pediatric HematologyOncology at the University of Michigan. Children with the following conditions that may result in neuropathy or muscle weakness independent of vincristine exposure were excluded from consideration as study subjects: diabetes, known history of neuropathy before ALL diagnosis, radiation treatment, and bone marrow transplantation. Children with trisomy 21 were also excluded. Eligibility criteria were met by 44 children; of these, four refused nerve conduction studies (NCS), two had incomplete vincristine dose information, and one participant's vincristine dosage was nearly 4 SD above the sample mean. Thus, after these exclusions, the final sample size was 37. Written informed consent was obtained from a parent for each subject and written assent was obtained from the participating child if he or she was aged 10 years or older. The project was approved by the University of Michigan Institutional Review Board.
The diagnosis of neuropathy is established by abnormalities in clinical history, examination, and nerve electrophysiology (England et al., 2005) . All patients underwent a standardized complete neurological examination, portions of which were then translated to a severity score using the validated neuropathy impairment scale (NIS) (Dyck et al., 1980; 1985) . Sural sensory and peroneal motor NCS were obtained in the leg, and median sensory and median motor NCS in the arm. Due to the paucity of literature on normative nerve conductions in young children, values that were two standard deviations below published means were established as abnormal (Hyllienmark et al., 1995) . The reduced version of the total neuropathy score (TNSr), a validated composite measure of CIPN which includes symptoms, signs, and electrophysiological measures of the original TNS, but not the quantitative determination of vibration thresholds, was calculated for all patients. TNS and its reduced version correlate well with other measures (Miller et al., 1981; Oken et al., 1982; Ajani et al., 1990; Cavaletti et al., 2003; . Most oncology and neurology experts now favor the use of the TNS scales over other measures in detecting and grading CIPN (Argyriou et al., 2008) . A score of 1 or above on the TNS scales correlates with nerve pathology (Cornblath et al., 1999; Cavaletti et al., 2007) .
Impact on motor function was assessed using the Bruininks-Oseretsky test of Motor ProficiencyShort Form (BOT), a validated measure of gross and fine motor skills for pediatric populations (Tabatabainia et al., 1995) . Impact on QOL was assessed through the validated PedsQL 4.0 Generic Core Scales, which has been used successfully in childhood cancer populations (Varni et al., 2002) . All study subjects also filled out a standardized medical history form. The Michigan autonomic symptoms survey, a standardized survey of autonomic symptoms in neuropathy, was also completed by each subject (Peltier et al., 2006) . A standardized form was used to collect demographicand treatment-related data from the patients' medical records.
Statistical analysis
Descriptive statistics for each neurological, functional, and psychosocial measure were summarized, and Student's t tests and Fisher exact tests were used to examine group differences in continuous and categorical variables, respectively. The effects of time and sex, and separately of total vincristine dose and sex, were modeled on each of the outcome measures using linear regression. R 2 statistics, reflecting the strength of the linear associations, were calculated.
Results
The demographic and treatment characteristics of the study subjects are summarized in Table 1 . Subjects on average were aged 14.4 years and were 7.4 years post-treatment. The mean total vincristine dose for boys was significantly greater than that for girls (46.7 vs. 34.5 mg, p = 0.01), reflecting the longer maintenance treatment period and the larger body surface area in boys. Given this result, we included sex as a covariate in our regression models. All 37 children completed testing, including NCS required to calculate the TNSr, additionally, 35 of 37 children also agreed to median motor and sensory NCS.
Clinical and electrodiagnostic studies
No abnormalities were found on the Michigan autonomic symptoms survey. 11 of 37 children (29.7%) reported subjective neuropathic symptoms. On examination, the mean NIS for these 11 children was 2.4, ranging from 0 to 12, with 6 of the 11 (54.5%) having NIS ≥1. In comparison, the remaining 26 children had a mean NIS of 3.3, ranging from 0 to 17, with 19 of the 26 (73.1%) having NIS ≥1. Neither the mean difference nor difference in proportion were statistically significant (p = 0.48 and 0.44, respectively). Peroneal motor, median sensory and/or median motor amplitudes that were two standard deviations below the published means were seen in 11 children (29.7%). Eight of those children had peroneal compound muscle action potential (CMAP) amplitudes at or below 2.2 mV, three children had median CMAP amplitudes at or below 5 mV, and two children had median sensory amplitudes at or below 8 μV; this included two children with more than one impairment. Only 1 of the 11 children (9.1%) with subjective symptoms had an abnormal nerve conduction study compared with 10 of the remaining 26 children (38.5%) (p = 0.12). The overall prevalence of NCS abnormalities was higher in boys than girls (33.3 vs. 23.1%) and more boys than girls had reduced peroneal CMAP amplitudes (29.2 vs. 7.7%), but neither difference reached statistical significance (p = 0.71 and 0.22, respectively).
As shown in Fig. 1 , higher peroneal CMAP amplitudes were associated with longer time since treatment (R 2 = 0.25; p = 0.007). However, no appreciable linear association was observed in the study sample between the total vincristine dose and either the TNSr (R 2 = 0.06; p = 0.35) or peroneal CMAP amplitude (R 2 = 0.12; p = 0.10). Each of these linear regression models included sex as a covariate.
The prevalence of CIPN among the 37 children, as detected by a TNSr score of at least 1, was 100%. TNSr scores of 2 or higher were recorded in 35 (94.6%) subjects in this clinical sample. Table 2 summarizes mean scores for the NIS, NCS, and TNSr.
Impact on motor function
A negative linear association was observed between time since conclusion of treatment and BOT Z-score (R 2 = 0.29 with sex as a covariate; p = 0.003). However, only two subjects, both boys, tested in the abnormal range for motor function based on a BOT Z-score of -1 or lower (Table 3 ). The mean BOT Z-score among girls (0.57) was higher than that of boys (-0.08; p = 0.02). No appreciable correlations were observed between BOT Z-scores and TNSr, peroneal CMAP amplitude, or total vincristine dose.
Impact on QOL
The study subjects' self-reported QOL results are also summarized in Table 3 . The PedsQL total summary score was in the normal range of population values, with a mean score of 85.2. Mean scores on the PedsQL subscales ranged from 77.2 for school functioning to 89.6 for physical functioning. QOL scores for the boys tended to be higher than that of the girls, although the differences were not statistically significant. No substantive associations were observed between mean PedsQL scores and TNSr, peroneal CMAP amplitude, or total vincristine dose.
Discussion
Nearly all the childhood ALL survivors in this study had neuropathy, as evidenced by abnormal scores in the TNSr. A significant proportion also had abnormal NIS scores and NCS. The neuropathy appears to involve predominantly distal motor axons, as indicated by the larger percentage of children with reduced peroneal nerve amplitudes, compared with other nerve conduction abnormalities. Similarly low amplitudes were also seen in median sensory and median motor nerve responses, precluding the possibility of isolated foot trauma causing these abnormalities. Significantly, very few of our study subjects subjectively reported neurological complaints, even when there were documented nerve conduction abnormalities. The study subjects' motor neuropathy would have gone undetected with measures relying on subjective reporting of prominently sensory symptoms and foregoing nerve conduction testing. Treatment with vincristine at cumulative doses greater than 5 mg leads to a dosedependent neuropathy with sensory symptoms in most patients, and motor symptoms occur at cumulative doses of 30-50 mg (Casey et al., 1970) . Although children with ALL receive high cumulative doses of vincristine (spread over an average of 39-month period for boys and 27-month period for girls), no relationship was seen between increasing dose and prevalence of neuropathy.
No appreciable effects of the neuropathy were noted on motor function or QOL. Recent studies, though, have shown an increased incidence of several components of the metabolic syndrome, perhaps increasing the likelihood of diabetes in long-term survivors of childhood ALL . Given the study findings of a distal, axonal, predominantly motor neuropathy in these children, the additional impact of diabetes on their long-term neuromuscular function and QOL could be significant. This study also had some limitations. The autonomic nervous system was not quantitatively assessed, but no evidence of autonomic nerve dysfunction was found on the Michigan autonomic symptoms survey. Children with ALL receive other medications besides vincristine during the acute phase of illness: steroids, L-asparaginase, methotrexate, 2-amino-6-mercaptopurine, 6-thioguanine, cyclophosphamide, anthracyclines (adriamycin and daunorubicin), and cytarabine; treatments are tailored according to the ALL risk stratification of the child. Of those drugs, vincristine is the only one with known peripheral neurotoxicity; it is unknown whether the combination of the other drugs may be toxic to nerves as well. The phenomenon of coasting, where peripheral nerve dysfunction becomes evident weeks to months after discontinuation of treatment, has been reported with pyridoxine (Berger et al., 1992) and more recently with the platinum compounds (Windebank and Grisold, 2008) . Our study population showed symptoms several years after discontinuation of vincristine, without any subjective symptoms of neuropathy in between. If the children had neuropathies stemming from weight fluctuations and frequent ICU admissions, this should have been known to the families; one of our study exclusion criteria was known neuropathy at the present time.
A few other studies support the findings we observed in these childhood ALL survivors. One study that evaluated children 6 months after their last vincristine dose found sensory abnormalities in 33% of tested patients (Reinders-Messelink et al., 2000) . A small study of 18 childhood ALL survivors showed handwriting problems in 25% of the children 2 years after treatment completion, which was hypothesized to be related to vincristinerelated peripheral neuropathy (Reinders-Messelink et al., 1996) ; however, a more recent blinded study did not confirm those findings (Hartman et al., 2007) . A motor functional assessment study comparing survivors of childhood ALL who were off therapy for a mean of 4.7 years (range 1-13.6) with a healthy population found statistically significant lower scores in the balance subtests; one of the possible factors for this deficit was hypothesized to be neuropathy, although a neurological assessment was not conducted (Wright et al., 2005) .
Conclusion
CIPN is an important dose-limiting toxicity of vincristine in the treatment of childhood ALL. It is widely believed that the neurotoxicity seen with vincristine is an acute event. Our study shows nerve conduction abnormalities in children who are more than 2 years off therapy for childhood ALL. The distal, axonal motor neuropathy does not seem to significantly impact their motor function or QOL at present. Further research is required to assess and limit the long-term impact of this distal axonal motor neuropathy on motor functional status and QOL.
